The mechanical properties of extracellular matrix proteins strongly influence cell-induced tension in the matrix, which in turn influences cell function. Despite progress on the impact of elastic behaviour of matrix proteins on cell-matrix interactions, little is known about the influence of inelastic behaviour, especially at the large and slow deformations that characterize cell-induced matrix remodelling. We found that collagen matrices exhibit deformation rate-dependent behaviour, which leads to a transition from pronounced elastic behaviour at fast deformations to substantially inelastic behaviour at slow deformations (1 mm min
Introduction
The markedly complex architecture, composition and mechanics of connective tissue matrices strongly influence cellular processes such as mechanosensation and metastatic invasion of extracellular matrices by malignant cells [1] . The ability of cells to sense the mechanical properties of matrix substrates is dependent on cell-generated forces, which enable cells to deform and sense the resistance of substrates [2, 3] . Resistance to cell-induced deformation depends on the inherent stiffness of the substrate and is measured as various elastic moduli (e.g. shear, Young's), which apply to different types of deformation [4] . For example, linearly elastic substrates exhibit constant resistance to cell-induced deformation over a wide range of cell-generated forces [5] . By contrast, the resistance of nonlinear elastic substrates depends on the amplitude of cell-induced deformation, and some nonlinear elastic substrates such as cross-linked collagen gels exhibit strain stiffening when cell-induced deformation forces are increased [5] . The strain-dependent properties of both linear and nonlinear elastic substrates are reversible and are not associated with plastic deformation [6] . By comparison, substrates that exhibit internal inelastic properties (viscous and plastic) can deform continuously and permanently without rupture during the application of cell-generated forces [6] . Substrates that exhibit both elastic and inelastic behaviours are often elastic up to a critical deformation point [7] . Beyond this critical & 2014 The Author(s) Published by the Royal Society. All rights reserved. point, the substrate will exhibit inelastic behaviour, and the proportional relationship between force and deformation no longer applies. For these types of substrates, inelastic behaviours need to be considered in the context of cellular mechanosensing and matrix invasion.
Polyacrylamide gels are well-established substrates that have been used for study of cell-matrix interactions [8] . These types of gels exhibit linear elastic responses up to approximately 100% strain [5] . Adherent cells on linear elastic substrates sense constant resistance to cell-generated forces either at early stages of adhesion formation when cells exert low forces, or later on in the cell adhesion process when forces exerted by cells increase [9] . By contrast, when cells adhere to nonlinear elastic substrates that exhibit strain stiffening, the cells may sense more environmental resistance at large substrate deformations [5] . In addition, as most strain-stiffening matrices are composed of rigid or semi-flexible polymers, large strains are also associated with alignment of filament and generation of spatially non-uniform deformations and stresses [10] .
Collagen, the major structural protein of mammalian connective tissues [11] , has been used extensively to model the structure and functions of many extracellular matrices and to assess how cells interact with matrix proteins in remodelling [12] . In naturally occurring biopolymers like collagen, many of the mechanical properties of the biopolymer are determined by physical constraints of the fibres in the network [13] . Accordingly, unlike elastic materials such as polyacrylamide hydrogels, the strain energy delivered by adherent cells to collagen gels is not completely stored in the network but instead can be dissipated because of the inelastic behaviour of the network. The amount of dissipated energy after application of cellular contractile forces may contribute to permanent deformation and the remodelling of fibres in the network [14] . The complex mechanics of naturally occurring biopolymers like collagen suggest that cells may not sense a constant resistance (elastic behaviour) or increasing resistance (strain-stiffening behaviour) when cell-generated contractile forces deform the network [5] . Accordingly, measurements of elastic properties at small strains and short times provide only limited information on the mechanical behaviour of naturally occurring biopolymers and the resultant compaction and remodelling of the network by cells.
The dual nature of elastic and inelastic behaviours of collagen matrices contributes to a strong dependency of their mechanical behaviour on loading conditions such as strain magnitude [5] , loading history [15] and strain rate [16] . The amounts of dissipated energy and irreversible deformation may be influenced by the rate and magnitude of the strain. Consequently, biopolymers such as collagen or fibrin gels may exhibit distinct mechanical properties when subjected to, for example, relatively high rates of blood flow or low rates of applied forces by cells [15, 16] . The mechanical behaviour of collagen matrices not only depends on the rigidity, diameter, length and concentration of individual collagen fibres in the network [17] and on the presence of intra and inter-fibrillar cross-links [18] , but may also be influenced by external environmental factors such as the presence of an underlying rigid foundation or the proximity of boundary. Although elasticity theory [7] provides accurate predictions of the effect of an underlying rigid base on the mechanics of thin linearly elastic sheets, little is known about its influence on the mechanical behaviour of naturally occurring biopolymers like collagen gels. Because collagen gels are used extensively to examine cellular interactions with matrix proteins [19] , we need to define their mechanical properties and the impact of external environmental factors for an improved understanding of mechanosensation.
We examined the mechanics of collagen matrices in the context of adherent cells that compact the pericellular collagen network at rates similar to that generated by adherent cells (in the order of micrometres per hour). With the use of ratecontrolled compressive indentation of collagen gels, we found that the inelastic properties of collagen networks dominate their mechanical behaviour. We also discovered that the rigid foundations provided by glass or cell culture plastic to support collagen matrices impose additional mechanical constraints on the matrix, which reduce the inelastic behaviour of the network. We show that these features of cell culture models are important determinants of mechanosensation by adherent cells.
Material and methods

Model design and preparation of nylon meshes
Nylon mesh sheets with square openings (200 mm wide and individual fibre diameters of approx. 100 mm) were obtained from Dynamic Aqua-Supply (Surrey, British Columbia, Canada) and were used to provide support for collagen gels floated on cell culture medium. Fourteen single nylon fibres were removed vertically and horizontally to create grid opening sizes with defined geometries of 2 Â 2 mm. This model design enabled measurements of cells located in the central region of the grid (electronic supplementary material, figure S1 ) where cells were not influenced by the presence of the nylon frames [20] . The model uses floating collagen matrices supported at their edges by nylon frames to uncouple matrix mechanics from an underlying solid foundation and removes possible mechanical constraints imposed by the foundation.
Preparation of floating and attached collagen samples
Collagen gels were prepared from pepsin-treated, bovine dermal type I collagen (6.0 mg ml
21
; approx. 97% type I collagen; Advanced BioMatrix, San Diego, CA, USA). Prior to experiments, collagen solutions were neutralized with 0.1 M NaOH to pH ¼ 7.4 and diluted to a final concentration of 1 mg ml 21 or 3 mg ml 21 collagen. For preparation of floating gels, glass dishes were covered with stretched Parafilm to make a smooth, hydrophobic surface. Collagen solutions were poured on the prepared hydrophobic surface to produce collagen gels with thicknesses of 100 mm. The amount of collagen solution in each gel was adjusted depending on the area of each nylon mesh that was created. The nylon mesh was then placed on to the collagen, which filled the nylon grids with collagen solution. For preparation of attached gels, the coverglass to which gel must adhere firmly was activated. Briefly, coverglasses were immersed in 2% aminopropyltriethoxysilane (APTES; Sigma A36648; Oakville, Ontario, Canada) for 15 min at room temperature, followed by washing in acetone for 5 min and then air-dried for 15 min. Coverglasses were immersed in 0.1% w/w glutaraldehyde (GA, Sigma G5882) for 15 min on a shaker and rinsed three times (each time for 5 min) with autoclaved water. Appropriate volumes of collagen solutions were poured on to the prepared hydrophobic surface to produce collagen gels with thicknesses of 100 mm, which was verified by confocal microscopy optical sectioning. The nylon mesh was placed on to the collagen, which filled the nylon grids with collagen solution. Attached and floating samples were incubated at 378C in 5% CO 2 until collagen polymerization was complete (90-120 min). For preparation of floating gels, polymerized, collagen-coated nylon meshes were gently detached from the hydrophobic surface by addition of 1 Â PBS and the floating collagen-coated meshes were inverted and immersed in cell-culture medium.
Cell culture
Fibroblasts (3T3 cells) were plated on attached or floating collagen gels supported by nylon mesh grids. Cells were plated in DMEM medium supplemented with 10% calf serum and 10% antibiotics. Cell plating densities were very low to enable the attachment of on average, only one to two cells in the central region of the grid. Cell culture was conducted at 378C in a humidified 5% CO 2 environment for approximately 8 h.
Cell morphology and imaging
Cells were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. Cell morphology was visualized by rhodamine phalloidin (10 -6 M) to stain actin filaments. Measurement of cell surface area was performed with IMAGEJ (v. 1.44) software. Cell extensions were measured from the cell centroid to the tip of the cell extension and were counted only if the length of extension was greater than 10 mm from the cell body. Cell nuclei were stained with DAPI. Focal adhesions were assessed by immunofluorescence staining for vinculin (Sigma) after cells were fixed with 4% paraformaldehyde. Fluorescent images were collected using 20Â or 40Â objectives with an inverted microscope (Nikon Eclipse).
Confocal microscopy
Collagen fibres were imaged using confocal reflectance microscopy with an inverted confocal laser scanning microscope (Leica TCS) using a 20 Â dry or 40 Â oil immersion objective lens (NA ¼ 1.4). The thickness of the gel was measured from reconstructed z-stacks in the imaging mode (XYZ). For measurements of vinculinimmunostained focal adhesions, the total area of focal adhesions per cell was measured and then normalized for total cell area.
Analysis of local collagen fibre alignment
Fast Fourier transform (FFT) analysis was used to extract the orientation of collagen fibres from acquired images using confocal reflectance microscopy. FFT produces a spectrum image in the frequency domain of the original intensity image in the spatial domain [21] . Notably, the resulting image contains frequencies orthogonal to those in the original image. The FFT function of IMAGEJ (v. 1.44) software was used to generate the frequency content of the grey-scale images. In order to quantify the directionality of the original image, the pixel intensities in the resulting FFT image were summed along a straight line from the centre to the edge of the image at different angles. The summation process was performed using Oval Profile, an IMAGEJ plug-in (http://rsbweb.nih.gov/ij/plugins/oval-profile. html). The resulting plot was the sum of pixel intensities between 08 and 1808. A perfectly random image would result in an image with constant pixel intensity at different angles. By contrast, orientation of collagen fibres in a specific (non-random) direction would result in higher pixel intensities at a corresponding angle. A collagen fibre alignment index was estimated by calculation of the area under the intensity curve within +108 of the peak.
Matrix deformation by cell-generated forces
Collagen solutions were mixed with fluorescent magnetite beads (2 mm diameter; Bangs Beads, Fishers, IN, USA), which served as fiduciary markers for tracking the deformation of the matrix under adherent cells. The relatively greater mass of magnetite beads compared with polystyrene beads enabled settling of the beads towards the bottom surface of the gel prior to polymerization. Gels were inverted after collagen polymerization was complete. The bead displacement field around each cell was mapped from a time series of phase contrast images that were collected using an inverted confocal laser scanning microscope with a 20 Â air objective. The initial bead position was determined 90 min after cell seeding, when cells were attached to the gel surface. A time series of 70-90 images was collected at a frequency of one image every 5 min.
IMAGEJ software ('Align Slice' plug-in; https://weeman.inf.ethz. ch/ParticleTracker/) was used to align image stacks. Bead displacements and trajectories were estimated using the IMAGEJ plug-in, Particle Tracker (http://www.dentistry.bham.ac.uk/landinig/ software/software.html). The maximum local fluorescence intensity was used as the estimate for the location of bead centres. The bead speed was measured from average of speed of all beads in the measurement field (i.e. 25-100 mm from the cell centroid). The depth of field of images in the z-axis was approximately 4 mm.
Mechanical characterization of collagen gels
A micro-indenter was used as described [22] to measure permanent deformation and maximum supported load exhibited by collagen gels. A cylindrical probe (25 mm in diameter with a flat probe tip), which is comparable to the diameters of spread cells, was used for indentation of collagen. Cyclic loading and unloading indentations were conducted on floating and attached collagen matrices supported by nylon grids. Collagen gels were indented in the middle of the grid with a 30 mm downward displacement and a 30 mm upward displacement at a speed of 15 mm s , which is on the order of magnitude associated with cell-induced deformations of collagen matrices [23] . Loading/unloading indentation loops were analysed by calculating irreversible deformation (i.e. offset in the deformation axis) and maximum supported load (i.e. value of force at maximum indentation depth) [24] .
Covalent cross-linking of collagen samples
To covalently cross-link the collagen samples, we treated polymerized collagen matrices with 0.5% GA (Sigma) in 1 Â PBS for 2 h at room temperature. Samples were rinsed three times (15 min each) with PBS before performing experiments. We used propidium iodide (10 mg ml 21 final concentration; Sigma) to estimate cell viability approximately 8 h after initial cell attachment to cross-linked collagen matrices.
Measurement of water expulsion from collagen gels
We measured extrusion of water from collagen gels with a modification of a previously described method that employed 3 H 2 O [25, 26] and which we modified by substitution with a water-soluble fluorescent dye. Calcein (acetomethoxy ester; 50 mg, Invitrogen) was dissolved in 50 ml of DMSO and added to 1 ml of collagen solutions (1 mg ml 21 or 3 mg ml
21
). After collagen polymerization, 100 ml of water was quickly added on to the surface of gel samples and collected before application of cyclic indentation. After indentation of collagen samples, the same volume of water (100 ml) was added to the surface of collagen gels and then quickly collected. Photon counts attributable to calcein fluorescence in water samples and in collagen matrices were measured with a PTI fluorescence spectrophotometer (London, Ontario, Canada). The volume of extruded liquid was determined from the fluorescence intensity of calcein in the samples. 
Statistical analysis
Cell-induced reorganization of thin matrices without external environmental factors
Cell-generated tension in collagen matrices enables cells to sense the physical properties of their microenvironment and is evident from matrix reorganization and fibre alignment in the cell periphery. We employed thin floating collagen matrices to examine the effect of variation in collagen concentration in cell-matrix interactions and remodelling in the absence of physical boundaries. Visualization of collagen gels without cells showed that the distribution and orientation of collagen fibres across the gel width in floating collagen gels of 1 mg ml 21 or 3 mg ml 21 were similar (figure 1a,c). For gels without cells, FFT analysis showed no directional preference in fibre orientation in floating (electronic supplementary material, figure S2a,c) gels of different collagen concentrations. The low value of the alignment index (less than 0.4; figure 1e) for these collagen matrices indicated that the orientation of the collagen fibre network prior to cell attachment was random. After initial cell attachment to the gels, remodelling and reorganization of the collagen fibres occurred in less than 8 h (electronic supplementary material, figure S3 ). Reorganization of collagen fibres by adherent cells resulted in three to sixfold increases of the collagen fibre alignment index (electronic supplementary material, figure S2b,d). The estimates of alignment index for cells on floating collagen gels of 1 mg ml 21 (figure 1b) and 3 mg ml 21 (figure 1d) indicated that gels with a higher concentration of collagen undergo less remodelling by adherent cells than collagen gels with lower collagen concentration (approx. 40%; p , 0.01; figure 1e). Alignment of collagen fibres along the direction of the load may facilitate propagation of cell-induced tension in the network. Accordingly, to examine how far cell tension is transmitted in networks of varying collagen concentrations, we measured bead displacement from the cell centroid. The measurement of bead displacements at positions along the longest cell extensions and perpendicular to the major axis of the cell indicated that in floating collagen gels (1 mg ml 21 ), the bead displacements were greater (two to fourfold; p , 0.0001; figure 1f,g) than in 3 mg ml 21 collagen gels. The size of deformation fields was smaller in the floating gels of higher collagen concentration than the lower concentration gels ( p , 0.00001). Furthermore, to assess the impact of collagen concentration on the dynamics of cell-mediated matrix deformation and reorganization, we measured the average speed of embedded marker beads in the cell periphery (i.e. 25-100 mm from the cell centroid). For both collagen concentrations, the compaction rate accelerated Cell-induced remodelling of thin floating gels. Collagen fibres in gels were aligned parallel to cell extensions after remodelling of the matrix by adherent cells. Collagen samples were imaged using confocal reflectance microscopy. Collagen fibres alignment and directionality were quantified using FFT analysis. Representative images of collagen fibres in gels of 1 mg ml 21 and 3 mg ml 21 collagen concentration before cell-induced remodelling (a and c) and after remodelling of the network by adherent cells (b and d ), respectively. Pixel intensity in FFT analysis of at least 30 images of collagen fibres at the tip of cell extensions was summed along a straight line from the centre to the edge of the image at different angle provided information about collagen directionality and alignment. Alignment index was quantified by measurement of area under the intensity curve within +108 of the peak (e). Propagation of cell-induced tension in collagen network was measured through displacement of embedded beads in the gel. Bead displacements were measured parallel (f ) and orthogonal (g) to the longest cell extensions (i.e. major axis of the cell) in gels of 1 mg ml 21 and 3 mg ml 21 collagen concentration. The deformation rate (h) by adherent cells was measure through the average speed of beads in the cell periphery area (i.e. 25 -100 mm from the cell centroid). Data are reported as mean + s.d. **p , 0.01 using unpaired Student's t-tests. Cells on floating gels of 1 mg ml 21 collagen compacted collagen for 4-5 h after which there was no further compaction. By contrast, floating gels of 3 mg ml 21 collagen exhibited their maximal compaction rate at 90 min after initial attachment of the cells to the gel followed by a continuous decrease of compaction rate (figure 1h).
Cyclic strain loading of collagen gels
The dual nature of elastic and inelastic behaviours of collagen matrices may contribute to a combination of reversible and irreversible cell-mediated matrix remodelling. We employed cyclic loading and unloading indentation to examine the local mechanical properties of collagen networks, which provide estimates of the amount of reversible deformation (an indication of tension in the network) and irreversible cellinduced deformation of the network. These mechanical tests were conducted at varying deformation rates including a rate that is similar to that applied by adherent cells. Accordingly, we examined the mechanical behaviour of floating gels of 1 mg ml 21 2a,b) . The force-indentation cycles exhibited hysteresis on unloading, reflecting the dissipative loss of strain energy in the collagen network. All floating collagen samples at 1 mg ml 21 and 3 mg ml 21 exhibited some degree of hysteresis and irreversible compaction ( figure 2a,b) . However, the hysteresis behaviour, the amount of irreversible compaction and the supported load were strongly influenced by the rate of compressive indentation. Floating collagen gels subjected to slow indentation (1 mm min
21
) exhibited greater than fivefold ( p , 0.01) larger irreversible deformation than fast indentation (15 mm s
). At slow indentation (1 mm min 21 ), floating gels of 1 mg ml 21 exhibited approx.
30% more irreversible deformation than 3 mg ml 21 collagen gels (figure 2c; p , 0.01). By contrast, matrices of 1 mg ml 21 and 3 mg ml 21 subjected to fast indentation exhibited very similar amounts of irreversible deformation ( p . 0.8). These data indicated that the force at maximum indentation (i.e. maximum supported load) exhibited by floating collagen matrices (1 mg ml 21 and 3 mg ml 21 collagen concentration) is proportional to the deformation rate. Dense collagen networks exhibited greater forces at maximum indentation than sparse networks when subjected to fast indentations ( p , 0.001; figure 2d ). By contrast, floating collagen gels (1 mg ml 21 and 3 mg ml 21 collagen concentration) subjected to slow deformations (1 mm min
) exhibited highly inelastic behaviour, which was manifest as very similar maximum supported load for dense and sparse networks ( p . 0.5; figure 2d).
Effect of covalent cross-linking
To examine the influence of covalent cross-linking of collagen fibres on stress-relaxation and strain rate-dependent mechanics of collagen gels, we treated gels with 0.5% GA after the networks had fully polymerized [27, 28] . When GA cross-linked collagen networks were subjected to cyclic loading and unloading, the rate-dependent inelastic behaviour was completely inhibited. All cross-linked collagen samples that were subjected to slow or fast indentations exhibited very low amounts of irreversible deformation (1-1.8 mm; figure 3a) . Similarly, the maximum supported load was unchanged with decreasing strain rates from 15 mm s 21 to 1 mm min 21 (figure 3b; p . 0.2). Linearly elastic polyacrylamide hydrogels subjected to varying indentation rates exhibited a similar inelastic behaviour, which was manifested as less than 1 mm irreversible deformation and no change of maximum supported load (figure 3a,b; p . 0.7).
Water extrusion from collagen gels
When collagen gels are compressed, a pressure gradient and volume reduction will be induced in the gel; as a result, interfibrillar fluid will be extruded from the gel [26] . Accordingly, we measured the amount of extruded liquid from the gelnetwork, which may be associated with the inelastic behaviour of collagen fibres. The amount of extruded liquid from collagen gels was increased (greater than threefold; p , 0.0001; figure 3c,d ) with decreasing indentation speeds (from 15 mm s 21 to 1 mm min 21 ). A smaller and rate-independent amount of liquid was extruded from GA cross-linked collagen gels (1 mg ml 21 and 3 mg ml 21 collagen concentration) that were subjected to varying indentation rates ( p . 0.1; figure 3c,d ).
Effect of an underlying rigid support
To examine the impact of external environmental factors such as an underlying rigid support on the mechanical behaviour of thin collagen networks, we assessed whether the amount of reversible and irreversible deformation after application of cyclic local indentation are influenced by the presence of physical boundaries. Accordingly, we quantified irreversible deformation and maximum supported load of thin, attached collagen gels subjected to varying deformation rates (1 mm min 21 , 1 mm s 21 or 15 mm s 21 ). Similar to floating gels, attached gels exhibited some degrees of hysteresis ( figure 4a,b) . Similarly, the amount of irreversible deformation and maximum supported load exhibited by thin attached matrices was inversely proportional to the deformation rate and proportional to the deformation rate, respectively ( figure 4c,d ). However, attached gels subjected to slow deformations (1 mm s
21
) showed 30-50% less irreversible deformation compared with floating gels ( p , 0.001). While attached gels of 3 mg ml 21 exhibited approximately 50% less irreversible deformation than gels of 1 mg ml 21 collagen concentration at fast indentations, both gels exhibited similar irreversible deformations at slow indentation (1 mm min
). Similarly, attached gels (1 mg ml 21 and 3 mg ml
) subjected to slow indentation exhibited very similar maximum supported load. By contrast, gels of 1 mg ml 21 showed approximately 40% less ( p , 0.01) maximum supported load compared with 3 mg ml 21 gels at fast indentation rate (15 mm s
).
Effect of the presence of an underlying rigid support on cell -matrix interactions
The data described above indicated that the presence of underlying physical boundaries influenced the inelastic Figure 3 . Effect of covalent cross-linking on the mechanical behaviour of thin floating gels and amount of water extruded from the collagen network. Thin collagen matrices were treated with 0.5% GA for 2 h prior to conducting mechanical tests. Polyacrylamide (PAA) hydrogels of 7.5% acrylamide and 0.04% of bis-acrylamide were used as control. The irreversible deformation (a) and maximum supported load (b) of cross-linked gels of 1 mg ml 21 and 3 mg ml 21 collagen concentration and PAA hydrogels are measured from cyclic loading/unloading indentations. The amount of water extruded from the cross-linked and non-cross-linked collagen samples of 1 mg ml 21 (c) and 3 mg ml 21 (d) collagen concentration was measured by incorporation of a water-soluble fluorescent dye (calcein) and photon counts attributable to calcein fluorescence in water samples (100 ml) and in collagen matrices. The volume of extruded liquid was determined from the fluorescence intensity of calcein in the samples. Data are presented as mean + s.d., minimum three measurements per each indentation rate per sample. rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141074 behaviour of thin collagen gels that are subjected to relatively slow deformation rates at rates that are similar to that applied by adherent cells. Accordingly, we examined how these alterations may impact cell-induced remodelling of collagen matrices. As the interactions between adherent cells and fibrillar collagen networks are strongly influenced by fibre geometry, physical properties [29] and network organization [30] , we imaged collagen matrices prior to cell seeding and determined whether the presence of an underlying rigid foundation affects collagen fibre organization. Confocal reflected light microscopy was used to examine the effect of collagen concentration and the presence of an underlying rigid foundation on collagen gel organization [31, 32] . Similar to floating gels, visualization of collagen gels without cells showed a similar distribution and orientation of collagen fibres across the gel width in both (1 mg ml 21 and 3 mg ml 21 ) attached collagen gels (figure 5a,c). For gels without cells, FFT analysis showed no directional preference (electronic supplementary material, figure S4a,d ) in fibre orientation in both attached gels of different collagen concentrations (figure 5e; p . 0.06). Collagen fibres were strongly aligned at the tips of cell extensions on attached gels (collagen concentration of 1 mg ml 21 or 3 mg ml 21 ; figure 5b,d), which manifested as relatively high values of alignment index (approx. 2; figure 5e; electronic supplementary material, figure S4b,d) for these collagen matrices. Unlike floating gels, there was no significant difference in the alignment index ( p . 0.09; figure 5e) between attached collagen gels of 1 mg ml 21 and 3 mg ml 21 . Furthermore, bead displacements and the size of deformation fields were similar in attached gels of 1 mg ml 21 and 3 mg ml 21 collagen concentration (figure 5f,g). Notably, attached gels (1 mg ml 21 and 3 mg ml 21 ) exhibited smaller bead displacements (approx.
70-100%; p , 0.001) and smaller deformation fields (30 -60%; p , 0.001) compared with floating gels. Cells on attached gels of 1 mg ml 21 or 3 mg ml 21 collagen showed similar trends in collagen compaction rate (figure 5h).
Effect of covalent cross-linking on cell-matrix interactions
As the cross-linking of collagen networks markedly reduced the inelastic behaviour of collagen matrices, we examined the impact of an underlying rigid foundation on interactions of cells with thin cross-linked collagen matrices. Viability assays using propidium iodide exclusion were used to assess the potential toxicity of the GA-treated collagen matrices. These data showed that 0.5% GA did not affect cell viability (electronic supplementary material, figure S5 ). In the absence of an underlying rigid foundation, FFT analysis showed no directional preference in fibre orientation in gels of collagen concentrations of 1 mg ml 21 (figure 6a) or 3 mg ml
21
(figure 6b), which manifested as a low alignment index for these collagen matrices (figure 6e). Reorganization of collagen fibres by adherent cells after approximately 6 h from initial attachment to the gels resulted in approximately twofold increases of the collagen fibre alignment index in floating gels of collagen concentrations of 1 mg ml 21 ( figure 6c ; p , 0.01) and approximately 80% in gels of 3 mg ml 21 (figure 6d,e; p , 0.05). This analysis of network reorganization indicated that cross-linked gels with a lower concentration of collagen exhibited more rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141074 reorganization and remodelling by adherent cells than gels with a higher concentration of collagen (figure 6e; p , 0.01). Similarly, the average speed of embedded marker beads (an indication of the dynamics of cell -matrix deformation and remodelling) within 1 -2 h from initial cell attachment was higher in gels of 1 mg ml 21 than 3 mg ml 21 collagen concentrations (figure 6f; p , 0.05). Examination of attached collagen gels prior to cell attachment indicated that the presence of underlying physical boundaries did not affect collagen fibre organization and orientation ( figure 6g,h ). In the presence of an underlying rigid foundation, cells on cross-linked collagen gels of 1 mg ml
(figure 6i) and 3 mg ml (figure 6j) strongly aligned collagen fibres near the tips of cell extensions, which manifested as relatively high alignment indices (figure 6k). Similar to floating gels, there was more reorganization of collagen fibres in cells plated on lower collagen concentration gels than the higher collagen concentration (figure 6k; p , 0.01). Furthermore, the compaction rate, as estimated from the speed of marker beads in the cell periphery, indicated that the compaction rate after 1-2 h from cell attachment was higher in the lower collagen concentration gels (figure 6l; p , 0.05). Collectively, these data indicate that interactions of cell with cross-linked collagen matrices, which do not exhibit inelastic behaviour, were not influenced by the presence of underlying physical boundaries.
Cell mechanosensation
Resistance to cell-generated tension by the extracellular matrix can affect cell morphology and function [33] . Accordingly, we examined the influence of inelastic behaviours of thin collagen matrices on cell morphology. We cultured cells on the surface of attached (glass-supported) or floating collagen gels to assess mechanosensation in the presence or absence of a rigid foundation. Cells were well spread on attached collagen matrices (collagen concentrations of 1 mg ml 21 or 3 mg ml 21 ; figure 7a,b), consistent with previous data [34, 35] . By contrast, cells were less spread and exhibited sparse (n , 4), thin and relatively short cell extensions when cultured on floating gels ( figure 7c,d) . We quantified projected cell area (figure 7e) and the mean number of cell extensions per cell (figure 7f ). Cells on collagen gels supported by a rigid foundation showed no difference of surface area when plated on 1 or 3 mg ml 21 collagen, whereas the surface area of cells on floating gels was approximately 40% greater ( p , 0.01) on 3 mg ml gels than on 1 mg ml 21 gels. Collectively, these data indicate that parallel to major axis of cell orthogonal to major axis of cell Figure 5 . Cell-matrix interaction and the resultant matrix remodelling in the presence of underlying physical boundaries. Collagen fibres in attached gels of 1 mg ml 21 and 3 mg ml 21 collagen concentration were visualized with the use of confocal reflectance microscopy before (a and c, respectively) and after cell-induced remodelling of the network (b and d, respectively). FFT analysis was used to extract the orientation of collagen fibres from acquired images using confocal reflectance microscopy. Alignment index was quantified by measurement of area under the intensity curve within +108 of the peak (e). Propagation of cell-induced tension in collagen network in the presence of an underlying rigid support was measured through displacement of embedded beads in the gel. Bead displacements were measured parallel (f ) to the longest cell extensions and orthogonal to the major axis of the cell (g) in gels of 1 mg ml 21 and 3 mg ml ). However, cells on floating gels were more spread on 3 mg ml 21 gels compared with cells plated on 1 mg ml 21 collagen gels.
Cell mechanosensation on cross-linked collagen matrices
As cross-linked collagen networks did not exhibit inelastic behaviour, we examined the effect of an underlying foundation on the morphology of adherent cells on attached or Figure 6 . Cell-induced remodelling of cross-linked collagen matrices in the absence and presence of an underlying rigid foundation. Collagen matrices were treated with 0.5% GA prior to cell seeding. Collagen matrices of 1 mg ml 21 and 3 mg ml 21 collagen concentration were imaged using confocal reflectance microscopy. Representative images of collagen fibres in floating (a -d ) and attached (g -j ) cross-linked collagen networks before and after remodelling by adherent cells. Alignment index for floating (e) and attached (k) collagen matrices was quantified using FFT analysis of at least 30 images of collagen fibres at the tips of cell extensions. The deformation rate by adherent cell in cross-linked collagen matrices was measured from the average speed of beads in the cell periphery area for floating ( f ) and attached gels (l). Data are reported as mean + s.d. **p , 0.01 using unpaired Student's t-tests. collagen concentration than on 1 mg ml 21 collagen (figure 8e; p , 0.01). Cells adherent to higher concentration collagen gels exhibited fewer cell extensions than lower concentration collagen gels (approx. fourfold; p , 0.001; figure 8f ). These data indicate that cells do not respond to the presence of an underlying foundation on cross-linked collagen gels, which do not exhibit inelastic behaviour.
Focal adhesion formation in response to out-ofplane boundary conditions
In addition to cell spreading area, the size of focal adhesions is an indicator of cell mechanosensing [36, 37] . We measured focal adhesion size to obtain insights into adhesiondependent signalling processes [38, 39] . Vinculin staining in the focal adhesions of cells adherent to attached or floating collagen gels of different concentration was quantified and normalized to total cell area. There was no significant deference in the normalized total area of focal adhesions in cells on attached collagen gels (1 mg ml 21 or 3 mg ml
21
; p . 0.5; figure 9a-d) . By contrast, adherent cells on floating collagen gels of higher concentration (3 mg ml 21 ; figure 9g,h) exhibited larger adhesions (approx. 30%; p , 0.01; figure 9i) than cells on lower concentration gels ( p , 0.01; figure 9e,f ).
Discussion
In this report, we used relatively wide, thin floating collagen matrices supported at their edges by nylon grids to study cell -matrix interactions unencumbered by external environmental factors such as the presence of lateral and underlying physical boundaries [20, 34] . This model enables comparisons with cells on thin collagen matrices supported by an underlying rigid foundation without changing the thickness of the collagen. Variation of collagen thickness may markedly influence the network architecture and organization of collagen fibres in the network [40] . With this model, we found that the degree of collagen fibre alignment, the size of the nascent deformation field and the rate of network deformation by adherent cells was dependent on collagen concentration. Our data indicate that the alignment of fibres in the direction of the applied deformation was reduced in dense collagen networks compared with sparser networks, which in turn, may influence transmission of cell-induced mechanical signals through the network [41] . Indeed, our observations of bead displacement parallel with cell extensions demonstrate that cell-generated deformations are propagated further in sparse than in dense collagen networks. This collagen concentration-dependent effect on the transmission of mechanical signals may affect, for example, intercellular mechanical communication, which is fundamental to wound healing [42] , tissue development [43] and cancer cell metastasis [44] . The collagen concentration-dependent remodelling of networks has been reported earlier [45] , and it has been noted that the extent of network deformation decreases with higher collagen concentrations [46, 47] . In contrast to these reports, our results show a much earlier decay in the rate of network deformation by adherent cells on dense networks. This finding may reflect higher levels of physical interactions because of the small pore size of the dense network [28] .
Cell-induced deformation and remodelling of collagen networks are not wholly reversible because of the dual elastic and inelastic nature of collagen matrices [24] . The inelastic behaviour of collagen may arise from reorientation, slippage and extension of fibres in the network [15] . Notably, the irreversible inelastic properties of collagen preclude substantial resistance of the network to cell-induced deformation, which in turn may influence several cellular processes such as protease-independent migration of cancer cells [13] . Accordingly, examination of the elastic and inelastic behaviours of collagen networks at strain rates similar to cell-induced deformations may provide new insights into the extent of mechanical resistance to cell-induced matrix deformation and remodelling.
The mechanical behaviour of collagen matrices has been examined by shear, compression, tension and indentation methods, each with its own advantages and limitations [14] . The choice of methods depends on whether bulk or local properties of the matrix are of interest, which may be different because of the microstructure of collagen gels [23, 48] . In this report, we used cyclic loading and unloading indentations, a well-defined method for measuring local mechanical properties of relatively thin soft tissues [49] . The anisotropic mechanics of collagen gels complicate measurements of the in-plane mechanical properties of collagen networks when deep, single micro-indentations are used [50] . However, analysis of cyclic loading/unloading indentation curves can be used to estimate the hysteresis, which is an indicator of the viscous properties of collagen networks [51] , irreversible deformation (an indication of plastic deformation of the network; [24] ) and the maximum supported load, which provides an indication of the degree of resistance to applied deformation and the amount of deformation energy stored in the network [52] .
We found that the resistance of collagen matrices to deformation is dependent on the rate at which these networks are strained. This strain rate-dependent behaviour of thin collagen gels leads to a transition: from pronounced elastic behaviour at fast indentation to substantially inelastic behaviour at relatively slow indentation (similar rate as cellmediated deformations). Our results demonstrate that collagen networks subjected to fast indentations exhibit larger resistance to deformation, which manifests as larger maximum supported force by the network. We attribute this mechanical property of collagen gels to limited reorganization of fibres in the network, possibly because of the relatively short relaxation time of collagen fibres and the minimal energy dissipation in the network [52] . This notion is consistent with previous studies on the elastic response of collagen networks subjected to relatively fast compressions [53] . With fast indentations, gels with higher collagen concentration exhibited less hysteresis and irreversible deformation, and larger supported force. These data are in agreement with our observation described above: as the collagen concentration is increased, the stiffer the network becomes and the network exhibits higher forces at given deformations [28] . By contrast, when collagen networks are subjected to slow deformations similar to those induced by cells, energy dissipation in the network is enhanced owing to the longer relaxation times, which enable reorganization of fibres and adaption of the network to the external deformations. This enhanced energy dissipation in the network is associated with reduced resistance to applied deformation, which results in more permanent deformation and reduced maximum supported force. Accordingly, cells that remodel and deform collagen networks may be in lower tension environments than cells that deform elastic synthetic substrates [54] . A substantial proportion of the tension on the collagen fibres is relaxed because of the marked inelastic behaviour of collagen networks at low deformation rates, which may be associated with the subsequent loss of stress fibres and fibronexus adhesion complexes of adherent cells [42] . This notion is consistent with previously reported results describing bulk elastic properties of collagen gels deformed at slow strain rates [16] .
The inelastic behaviour of collagen gels is due in part to their high water content. The compaction of the collagen network results in reorganization of the gel and expulsion of unbound water, which reduces the gel volume. Previous work has shown that the volume of fibroblast-populated collagen matrices decreases because of the compaction of the network by the cells, which, in turn is associated with water Figure 9 . Impact of the presence of underlying physical boundaries on formation of focal adhesions. Adherent cells to collagen gels of indicated concentration, and physical boundary conditions were fixed and visualized by immunostaining for actin and vinculin. Actin filaments ( phalloidin staining) and focal adhesions (vinculin staining) of cells on thin attached gels at collagen concentration of 1 mg ml 21 (a and b, respectively) and 3 mg ml 21 (c and d, respectively). Actin filaments (phalloidin staining) and focal adhesions (vinculin staining) of cells on thin floating gels at collagen concentration of 1 mg ml 21 (e and f, respectively) and 3 mg ml 21 (g and h, respectively). expulsion [25, 26] . Thus, permanent deformation in the network may be associated with water loss in the network. Our results demonstrate that slow cyclic indentation of collagen gels causes more water extrusion from the network. We attribute this observation to the rearrangement and local compaction of collagen fibres around the tip of the microindenter, which increases the collagen density and reduces gel volume. Consistent with this notion, we found that GA cross-linked collagen gels did not exhibit strain rate-dependent extrusion of unbound water. We attribute this observation to the inhibition of slippage, lengthening and rearrangement of fibres in the network because of collagen cross-linking. Cross-linked collagen fibres do not relax their internal tension, thereby resisting applied deformation, which manifests as strain rate-independent mechanical behaviour. Consistent with our results, several studies have reported similar mechanical behaviour of collagen networks after cross-linking [30] . Glutaraldehyde-treated collagen networks support higher tension in the network [27] . The fibre alignment and network density in the cross-linked network are reversible effects, indicating that the enhanced inelastic behaviour of the collagen network is primarily because of non-permanent coupling of collagen fibres in the network [15, 30] .
We found that cells on floating collagen gels responded to variations in collagen concentration by displaying greater surface area, as previously reported [55] , whereas cells on thin attached gels of different collagen concentration were equally well spread. We suggest that this difference may be because thin attached gels of different concentrations (1 mg ml 21 or 3 mg ml
21
) exhibited nearly the same inelastic behaviour, which is affected more by the presence of an underlying support than the concentration of collagen fibres. By contrast, floating gels of higher collagen concentration exhibited less inelastic behaviour, which was manifest as lower hysteresis and permanent deformations. These data are in agreement with our findings of reduced local remodelling of collagen fibres in dense networks. Our observations are also consistent with the previously reported surface area of 3T3 fibroblast cells on thin gels at collagen concentration of 4 mg ml 21 [35] : although the collagen concentration was increased fourfold, cell surface area was not significantly increased. We also found that collagen fibres were more aligned at the tips of cell extensions in thin attached gels than floating gels. While this enhanced local alignment of collagen fibres may arise from higher applied forces by adherent cells, the resultant forces did not evidently expand the deformation fields. We attribute this observation to the influence of an underlying rigid foundation on the mechanics of thin collagen matrices, which exhibited less inelastic behaviour. Accordingly, cell-generated stresses and strains may not be completely propagated through collagen networks that are supported by an underlying rigid foundation. This notion is also supported by the smaller bead displacements at each point along the cell extensions in thin attached gels compared with floating gels. Remote, in-depth mechanosensing is thought to influence the morphology and function of cells plated on thin attached matrices [41, 42] , but this notion needs to consider the effect of rigid foundations on the mechanics of collagen gels. Unlike elastic substrates that preserve cell-induced tension in the network, native collagen matrices also exhibit inelastic behaviour, which can release cell-generated tension. Because the maintenance and resistance of cell-induced tension by the matrix affects cell morphology and function [33] , the inelastic behaviour of the matrix likely impacts cell morphology and function. Indeed, our data indicate that thin matrices supported by an underlying rigid support exhibit less inelastic behaviour and maintain higher levels of tension in the network. These findings are consistent with earlier data showing that cell surface area and formation of focal adhesions are affected by the presence of underlying physical boundaries, similar to cells in high tension environments [42] . Notably, we show that the mechanical behaviour of cross-linked matrices, which do not exhibit inelastic behaviour, was not affected by the presence of physical boundaries. Similarly, adherent cells on cross-linked collagen matrices did not respond to the presence or absence of the underlying rigid foundation.
Conclusion
We examined the impact of the inelastic behaviour of collagen gels on cell-matrix interactions. We conclude that cell-induced remodelling and mechanosensation are strongly influenced by the inelastic behaviour of collagen matrices, particularly at strain rates generated by cells. Constrained, thin matrices exhibit less inelastic behaviour and are able to maintain higher level of tension, which in turn affect cell-matrix interactions and mechanosensation by adherent cells. 
